The innate immune system possesses many arsenals to fight off pathogens. These include antimicrobial peptides at mucosal surfaces, activation of the complement system in the blood, chemoattraction of immune cells to the infection site and pattern recognition receptors that evolved to sense pathogenassociated molecular patterns and to consequently activate inflammatory pathways required for pathogen elimination. Cell death, which is the most common outcome during infections, is an additional key process that tailors host-pathogen interactions. Various forms of cell death have been described, and the choice of death mode appears to depend on different factors including the nature of the pathogen, pathogen load and site of infection. For instance, infected epithelial cells and lymphocytes undergo apoptosis while macrophages and dendritic cells die primarily by pyroptosis but also, in some cases, by apoptosis. While apoptosis and pyroptosis are quick and occur at relatively low 'physiologic' pathogen burden, oncosis and autophagic cell death take over, respectively, when the cell is overwhelmed with infection or when apoptosis or pyroptosis are inhibited. This does not exclude the concomitant engagement of more than one cell death pathway during infection. In other words, the types of cell death induced by the same pathogen are not mutually exclusive.
Significance of Cell Death During Infection
Induction of host cell death has been demonstrated in several cases of bacterial, viral and parasitic infections, and has important consequences on pathogenesis. [1] [2] [3] The death of an infected cell is oftentimes concomitant with the death of the infecting agent, and can promote efficient pathogen clearance. Destruction of infected tissues may also eliminate a pathogenic niche, thereby hampering microorganism replication and dissemination. Intracellular pathogens such as Mycobacterium tuberculosis inhibit phagosome-lysosome fusion and thrive by replicating within immature phagosomes. 4 Stimulation of host macrophage apoptosis eliminates a potential site for future proliferation and destroys the infecting bacteria. 5 It has been suggested that phagocytosis of apoptotic bodies, sequestering pathogens, permits more efficient fusion of the phagosome with the lysosome resulting in the digestion of the pathogen. 6 Engulfment of dying macrophages by dendritic cells additionally promotes antigen presentation to T cells, linking innate and adaptive immunity. [7] [8] [9] [10] Apoptosis of alveolar macrophages in Streptococcus pneumoniae infection also results in pathogen elimination rather than evasion of the immune system. 11 Pathogens have devised strategies to inhibit cell death for a successful infection. For obligate intracellular organisms such as Rickettsia rickettsii, a viable host cell is required for bacteria to replicate and thrive. By stimulating NF-kB signaling, Rickettsia prevents host cell death and continues to replicate unabated. 12 Another intracellular pathogen, Chlamidiae spp., also protects infected cells from death during the early invasive stages of the disease, presumably by blocking cytochrome c release from the mitochondria. 13 These instances clearly indicate that induction of cell death plays a beneficial role in the elimination of infection (Table 1) .
Conversely, certain pathogens induce death of immune cells as a means to subvert normal host defense mechanisms, and of epithelial and endothelial cells for invasion to deeper layers of an organ and the blood stream. Killing of phagocytes impairs pathogen clearance and is detrimental to the host. By producing cytotoxic pore-forming exotoxins, bacteria such as Bacillus anthracis, 14 Actinobacillus actinomycetemcomitans 15, 16 and Pseudomonas aeruginosa 17, 18 kill macrophages before they themselves are phagocytosed and destroyed. Similarly, Bordetella pertussis adenylate cyclase hemolysin secretion during the early stages of infection may allow for successful colonization of alveolar tissue by eliminating the local macrophage population. 19 Cell death of epithelial and endothelial cells contribute to the development of systemic infections, which oftentimes lead to sepsis and septic shock. Host-pathogen interactions in cell death are thus highly complex and involve a delicate balance between pro-and anti death strategies for both the host and pathogen interests.
Apoptosis and Infectious Disease Pathogenesis
The mechanism of pathogen-induced cell death often involves the modulation of the apoptotic response. Apoptosis is the best-described form of programmed cell death and is mediated by the caspase enzymes, which are cysteinyl aspartate-specific proteases. Twelve caspases have been described in humans, and belong to one of two caspase subfamilies: the cell death or inflammation subfamilies. The apoptotic caspases mediate cell death events, and can be further subgrouped into initiator caspases-2, -8, -9 and -10 and effector/executioner caspases-3, -6 and -7. Caspases-1, -4, -5 and -12 are phylogenetically related and are known as the inflammatory caspases for structural reasons, because only caspase-1 is directly involved in the cleavage and maturation of cytokines. The inflammatory caspases do not participate in classical apoptosis pathways. Synthesized as inactive precursors, procaspases are activated when cleaved by other mature caspases, or by a conformational change and autocatalysis induced through proximity and oligomerization. 20 Apoptosis occurs when mitochondrial outer membrane permeabilization (MOMP) causes the release of mitochondrial death proteins, including cytochrome c and Smac/DIABLO, into the cytosol. 21 MOMP is induced under conditions of cellular stress by the intrinsic activation of the Bcl-2 homology-3 (BH3)-only proteins, leading to the oligomerization of the pro-apoptotic Bcl-2 family proteins Bak and/or Bax which form the pores through which cytochrome c can enter the cytosol. 22 Cytochrome c then associates with the cytosolic apoptosis protease activating factor-1 to recruit and activate caspase-9 in a protein complex termed the 'apoptosome'. 23 Active caspase-9 cleaves and activates the executioner caspases-3, -6 and -7 that, in turn, process cellular substrates to ultimately kill the cell. Apoptosis can also be induced by the extrinsic stimulation of the tumor necrosis factor receptor family of membrane death receptors. The adapter proteins Fas-associated via death domain and TNFR1-associated death domain protein then recruit and activate caspases-8 and -10 to form the death-inducing signaling complex. 24 Active caspase-8 cleaves and activates caspases-3, -6 and -7 directly, and in certain cells, truncates and switches on the BH3-only protein Bid to induce MOMP and caspase-9 activation. Substrate processing by the executioner caspases result in the morphologic features observed in apoptosis 25 ( Figure 1 ). These include DNA fragmentation and chromatin condensation, nuclear fragmentation, cell shrinkage, loss of membrane asymmetry, the formation of cytoplasmic blebs and of apoptotic bodies and the generation of 'eat-me' signals that stimulate phagocytosis of apoptotic cells by surrounding cells. During apoptosis, dying cells do not release their cytoplasmic content to the extracellular space. Thus, apoptosis does not induce an inflammatory response and is considered to be immunologically silent.
Several pathogens have been reported to trigger apoptosis. This is accomplished through different mechanisms including the production of bacterial toxins or expression of virulence factors that interact directly with key components of the death machinery. 1 Alternatively, pathogens modulate apoptosis by interfering with the NF-kB and/or MAPK cell survival pathways, which are activated downstream of pattern recognition receptors, and are responsible for the production of inflammatory mediators as well as survival proteins such as Bcl-xl and c-IAP2. For example, Salmonella AvrA and Yersinia YopJ proteins inhibit NF-kB activation, [26] [27] [28] whereas Bacillus anthracis's protease lethal factor, a component of its lethal toxin (LT), targets MKK6 to dampen MAPK signaling 29 ( Table 1) . It is presumed that through inhibition of these pathways, apoptosis is engaged by default.
Caution must be taken when interpreting the effects of a pathogen on cell death induction. Previously, nonapoptotic cell death was considered to be apoptosis based solely on the use of TUNEL-staining that labels DNA fragmentation. However, cells undergoing other forms of cell death also stain positively with TUNEL (pyroptosis section). A better approach to detect apoptosis is therefore the examination of events that are specific to this type of death, such as cytochrome c release from the mitochondria or activation of apoptotic caspases. Genetic studies provide the most stringent evidence of apoptosis induction by a pathogen and allow the evaluation of the effects of cell death on host resistance to infection. An excellent example is that of alveolar macrophage apoptosis by pneumococci. Overexpression of the antiapoptotic protein Mcl-1 in a transgenic mouse model blocks apoptosis and renders mice susceptible to infection, 30 indicating that apoptosis is indeed triggered by pneumococci and that it is protective for the host. Deletion of CD95 or CD95L, which abrogates the extrinsic cell death pathway, renders mice susceptible to Pseudomonas aeruginosa infection. 31 Similarly, Helicobacter pylori induces apoptosis of gastric epithelial cells in a Fas-dependent manner, and FasCell death during infection K Labbé and M Saleh OI, obligate intracellular; G-/+, gram negative/positive; FI, facultative intracellular; PEM, peritoneal exudates macrophage; EC, epithelial cell; BMDM, bone marrow-derived macrophage; BCG, Bacillus Calmette-Guerin; MTB, mycobacterium tuberculosis; TLR, toll-like receptor; RNA, ribonucleic acid; LPS, lipopolysaccharide. a However it is difficult to conclude that cell death in this case is required for pathogen clearance since caspase-1 is also needed for cytokine production. In certain infections, administration of recombinant IL-18 reversed the phenotype, enhanced pathogen clearance and rendered caspase-1-deficient mice more resistant to the infection. The question is then whether pyroptosis is required for cytokine release?
Cell death during infection K Labbé and M Saleh deficient mice have an enhanced disease severity as compared with wild-type mice. 32 Overcoming Fas-mediated apoptosis in this case accelerates H. pylori-induced gastric cancer, highlighting the key role of apoptosis not only in the host defense to infection but also in protection from gastric cancer. 33 Indeed, apoptosis has multifaceted roles in hostpathogen interactions. In addition to containing pathogen dissemination, apoptosis is required for termination of the inflammatory response, as it eliminates inflammatory cells following the control of infection. 34, 35 The secretion of cytotoxic compounds by activated neutrophils lead to significant bystander cell damage, and the neutrophil must be eliminated following pathogen killing. In cases of delayed apoptosis or pathogen-induced cell lysis, disease pathogenesis is amplified with significant tissue damage. On the other hand, apoptosis could be pathogenic. During sepsis, lymphocytes are depleted by apoptosis, which leads to anergy and immunosuppression. 36 In an experimental model of sepsis, inhibition of apoptosis by selective caspase-3 inhibitors 37 or by Bcl-2 overexpression 38 was shown to lower sepsis-related mortality.
Pyroptosis: a Caspase-1-Dependent Cell Death Shigella flexneri, the etiological agent of bacillary dysentery, is an invasive bacteria that penetrates the colonic tissue to initiate acute inflammation. 39 A facultative intracellular pathogen, Shigella invades eukaryotic cells and evades the phagosome to enter the cytosol. 40 Shigella was the first invasive bacterial pathogen reported to induce programmed cell death in host macrophages. 41 Initial reports described Shigella-induced macrophage death as apoptosis, but further investigation uncovered a cell death pathway mediated not by the apoptotic effector caspase-3, but by the inflammatory caspase-1. 42, 43 This dependence on caspase-1 activation was demonstrated both pharmacologically, using the caspase-1-specific inhibitor Ac-YVAD-CHO, and genetically, in macrophages derived from caspase-1-deficient mice. 42, 43 In both cases, macrophages lacking caspase-1 activity were resistant to Shigella-induced death, while caspase-3 À/À macrophages were not. Shigella also stimulated macrophage death independently of the tumor suppressor p53, which is necessary for apoptosis downstream of a number of stimuli, and regardless of the apoptosis inhibitor Bcl-2. 43 Together, these findings establish that Shigella infection kills macrophages in a caspase-1-dependent manner distinct from apoptosis.
As with the Shigella bacteria, caspase-1-dependent cell death has been extensively reported in Salmonella typhimuriuminfected macrophages. [44] [45] [46] [47] Macrophages exposed to this facultative intracellular bacteria are killed within minutes of infection, whereas cells treated with YVAD 45 or genetically deficient in caspase-1, 46 are resistant to this rapid cell death. Also, Salmonella-induced caspase-1 dependent cell death does not lead to activation of caspases-3, -6 or -7, 45,48 again indicating a form of death independent of apoptotic pathways. Interestingly, caspase-1 dependent cell death during Salmonella infection has also been described in dendritic cells, 49 suggesting that this form of cytotoxicity is not restricted to macrophages, but may occur in several immune cell types. Since these initial reports, caspase-1-dependent cell death has been described in macrophages infected with Listeria Figure 1 Pathogen-induced host cell death. Several forms of host cell death have been described during infection. The type of death the cell undergoes depends on the nature of the pathogen, pathogen load and site of infection. Pyroptotic, apoptotic, autophagic or oncotic cells display a distinct set of morphological and biochemical characteristics, some of which are shared. Whereas apoptosis and autophagy do not induce inflammation, cytokine release and escape of cytoplasmic content during pyroptosis or oncosis are highly inflammatory events. Pathogens are depicted as red ovals. During pyroptosis, pathogens (or pathogenic products) in the cytosol are detected by caspase-1-activating inflammasomes. During apoptosis, pathogens are contained within apoptotic bodies and digested in the lysosomes of phagocytes that engulf apoptotic cells. During autophagy, pathogens are surrounded by autophagosomes and delivered to the lysosomes through autophagosome-lysosome fusion. Although apoptosis, pyroptosis and autophagy are generally beneficial to the host, oncosis favors pathogen dissemination monocytogenes, 50 Pseudomonas aeruginosa, 51 Francisella tularensis, 52 Legionella pneumophila, 53, 54 Yersinia pseudotuberculosis 55 and Berkholderia pseudomallei 56 (Table 1) . Caspase-1 (also known as interleukin (IL)-1b converting enzyme, or ICE) was the first mammalian caspase to be described 57 and is the prototypical member of the inflammatory caspase subfamily. Like all caspases, caspase-1 is synthesized as an inactive zymogen that requires activation for catalysis. Active caspase-1 is responsible for the cleavage of pro-IL-1b, pro-IL-18 and pro-IL-33 into their secreted, biologically active cytokine forms 58, 59 and does not play a role in the classical apoptotic pathways. Indeed, caspase-1-deficient cells are fully susceptible to pro-apoptotic stimuli such as staurosporine. 60, 61 Pathogens causing cell death via caspase-1 activation also induce the production of IL-1b and IL-18. These cytokines play a central role in the inflammatory response to infection by recruiting immune cells and inducing further production of cytokines. 62 Their cleavage and release, however, are not required for cytotoxicity. 63 Nonetheless, the production of IL-1b and IL-18 during caspase-1-dependent cell death results in a highly inflammatory state, much unlike the immunologically silent apoptotic death. The inflammatory nature of caspase-1-dependent cell death has lead to the recent coining of the term 'pyroptosis', 64 as 'pyro' or fire, denotes the release of proinflammatory mediators, and 'ptosis' denotes falling, a term commonly used to describe cell death.
Morphology of Pyroptotic Cells
The morphology of caspase-1-dependent cell death or pyroptosis is still poorly defined; however, published descriptions of pyroptotic cells indicate a distinct combination of physical characteristics shared by both apoptotic and necrotic cells (Figure 1 ). Pyroptotic cells loose their mitochondrial membrane potential and undergo DNA fragmentation and nuclear condensation (Figure 2 ) and, like apoptotic cells, show positive TUNEL staining. 52, 55, 63, 65, 66 The TUNEL positivity of Salmonella and Shigella infected macrophages initially lead to the assumption that the cell death induced by these bacteria was apoptotic. 66, 67 The most notable morphological feature of pyroptosis is the loss of plasma membrane integrity and release of cytoplasmic content and membrane vesicles into the extracellular milieu. 45, 48, 68 The plasma membrane ruptures then appears to reseal rapidly and starts to swell (Figure 2 ). This is a shared characteristic with oncotic cells but not apoptotic cells, in which the plasma membrane remains intact until the dying cell is eventually phagocytosed by resident macrophages. Although complete disruption of the pyroptotic cell plasma membrane has been observed microscopically, 48, 68 the mechanisms by which cell lysis occurs is still unknown. It has been suggested that small-ion permeable pores form on the surface of pyroptotic cells which lead to loss of cellular ionic gradients. 69 The resulting osmotic pressure would result in water influx, followed by cell swelling and lysis. Yet it should be noted that the evidence supporting this proposition is based on molecule exclusion studies and flow cytometry analysis performed on a late-stage infected macrophage-like cell line, while caspase-1-dependent cell death in primary macrophages occurs rapidly following infection. We have recently reported the caspase-1 digestome and have shown that caspase-1 targets multiple essential proteins in the cell that function in the maintenance of the cytoskeleton and in bioenergetic pathways. Therefore, we propose that processing of substrates by caspase-1 is responsible for the phenotype of pyroptotic cells. 70 Caspase-1 also appears to be required for unconventional protein secretion. 71 The release of cytoplasmic contents is a highly inflammatory event, which underscores the distinct form and function of this programmed cell death. 
Activators of Pyroptosis: the Inflammasomes and Pyroptosome
Caspase-1 is synthesized as an inactive 44 kDa precursor protein consisting of an B10 kDa CARD domain (caspaseactivation and recruitment domain), a large subunit (p20) and a small subunit (p10). Upon activation, caspase-1 undergoes auto-processing. This releases the CARD domain and results in the formation of a tetramer of two large and two small subunits that constitute the active enzyme. Caspase-1 oligomerization and subsequent auto-processing is triggered by the formation of a cytosolic multiprotein, activating platform termed the 'inflammasome'. The inflammasome is scaffolded by members of the cytosolic Nod-like receptors (NLRs) family, which recruit caspase-1 through adapter molecules. 72 NLRs are thought to act as intracellular pattern-recognition receptors, and their activation by their respective agonists leads to signaling cascades that engage the innate immune response. 73 To date, four inflammasomes have been characterized, each assembled around a different NLR, namely Nalp-1, Nalp-3, Naip5 or Ipaf. 74 When activated, Nalp-3 associates with the adapter proteins ASC and Cardinal. 75, 76 Nalp1, Ipaf and Naip5 appear to require only ASC for full functionality. 47, [77] [78] [79] While Nalp1 binds ASC, direct interaction between ASC and either Naip5 or Ipaf has not yet been demonstrated. Through CARD-mediated binding, multiple copies of caspase-1 are recruited to the inflammasome and activated therein by proximity. Inflammasome assembly and caspase-1 activation occur in response to several pathogenic stimuli. The inflammasome components required for caspase-1 activation by several bacteria have been elucidated genetically through the investigation of knock-out animals (reviewed in, Mariathasan S and Monack DM). 80 It is with the use of ASC, Ipaf and Nalp3-deficient primary macrophages that Salmonella typhimurium was found to require Ipaf and ASC to activate caspase-1, 47,81-84 whereas Staphylococcus aureus and Listeria monocytogenes required Nalp3 and ASC, but not Ipaf. 81 Curiously, Francisella tularensis required only ASC, independently of Ipaf or Nalp3, to activate caspase-1. 52, 81 This suggests the possible existence of an unidentified NLR inflammasome sensor that would associate with ASC during Francisella infection. Recently, genetic studies have shown that anthrax LT derived from Bacillus anthracis activates caspase-1 via Nalp1b, 85 and is to date the only known agonist of this inflammasome. Macrophages derived from 129Sv or BALBc mice express a functional Nalp1b protein, and are susceptible to LT-mediated pyroptosis, whereas the C57BL6 strain Nalp1b gene is mutated and nonfunctional, conferring LT-resistance to macrophages derived from these mice. The role the Nalp1b inflammasome plays during infection with live Bacillus anthracis is not yet known, nor is its implication during other types of bacterial infections.
Interestingly, inflammasome requirements seem to differ between caspase-1-dependent cytokine secretion and pyroptosis. Both Ipaf and ASC are fully required for IL-1b production by Salmonella-infected macrophages, yet only Ipaf-deficient macrophages are fully resistant to Salmonellainduced pyroptosis, whereas ASC-deficient cells are only partially protected. 47 Similarly, recently published data show that Pseudomonas aeruginosa requires both Ipaf and ASC to induce IL-1b secretion, but that ASC is dispensable for inducing pyroptosis. 51, 86 Conversely, ASC has been shown to induce pyroptosis in the human monocytic THP-1 cell line, engineered to express a GFP-tagged ASC. Upon stimulation with inflammatory agonists, ASC was shown to oligomerize into a single cytoplasmic 'pyroptosome' required for caspase-1 activation and induction of pyroptosis. The ASC oligomer was also shown to form in primary macrophages of both wildtype and caspase-1-deficient mice, though pyroptosis was not induced in the absence of caspase-1. 68 These results indicate that Ipaf and ASC play different roles in promoting caspase-1 function and that caspase-1 activation is more complex than the currently held model.
Modulation of Caspase-1 Activity
During infection, delivery of bacterial effector molecules to the host cell cytoplasm is critical for caspase-1 activation. Several bacterial strains possess delivery systems responsible for the translocation of effector molecules into the host cytosol, which permit bacterial internalization and/or replication. 87, 88 Disruption of the type four secretion system in Legionella pneumophila, 53, 54, 89 of the Listeria monocytogenes listeriolysin O, or of the type three secretion system in Salmonella typhimurium, 47, 82, 83 Shigella flexneri, 90 Yersinia pseudotuberculosis 55 and Pseudomonas aeruginosa 51 inhibits caspase-1 activation by these pathogens. Although initial reports had proposed that proteins of the type three secretion system, SipB in Salmonella 44 and IpaB in Shigella, 43 could directly bind and activate caspase-1, recent studies indicate a more indirect role for such bacterial delivery systems, presumably by allowing the inflammasome agonist to reach the cytosol. 82, 83 In contrast, the inhibitor of actin rearrangement, cytochalasin D, interferes with bacterial entry into the cytosol and caspase-1 activation. 41, 49, 52, 56, 66 In some cases, the effector molecule responsible for caspase-1 activation has been identified. For the flagellated bacteria Salmonella typhimurium, 82, 83 Legionella pneumophila, 54 and Pseudomonas aeruginosa, 86, 91 proper expression of flagellin is required for caspase-1 activation. In addition, purified flagellin is also able to induce caspase-1 activity if introduced into the cytosol through cationic lipids such as DOTAP. 82, 83, 86 Although stimulating IL-1b and IL-18 secretion, cytosolic flagellin alone is not sufficient to induce cell death. Indeed, activation of caspase-1 in the absence of cell death is seen in virtually all cases of inflammasome activation with purified agonists. 92 It seems, therefore, that bacterial infection is inducing additional factors that lead to cell death. One possibility is that the 'choice' between proinflammatory cytokine production and death occurs at a threshold of caspase-1 activation. At low levels, caspase-1 antagonists may be able to counteract its cytotoxic activities, whereas the caspase-1 production induced during a bacterial infection overcomes these inhibitory effects and results in pyroptosis.
Host cells are capable of expressing molecules able to antagonize the inflammasome and hamper caspase-1 activity. COP (CARD-Only Protein) and Iceberg are two human proteins containing CARD domains closely resembling that of procaspase-1. They are thought to act as dominant negative inhibitors of caspase-1 by interfering with CARD domain interactions, and thus limiting caspase-1 activation in human cells. 93 The negative regulator Pyrin might function in a similar manner by disrupting association with the pyrin domain of ASC, thus inhibiting caspase-1 activation. 94, 95 Recently, we have described that mouse caspase-12 acts as an antagonist of caspase-1 activity. 96 Constitutive levels of caspase-12 are low in macrophages, but protein expression is highly inducible upon bacterial infection. 96 Little is known about how these endogenous inhibitors are engaged by the inflammasome and the role they play in regulating pyroptosis has yet to be determined.
Physiological Significance of Pyroptosis
By inducing cell death during infection, the host is effectively eliminating a pathogenic niche and limiting bacterial replication. Alternatively, by inducing cell death, the bacteria is eliminating host immune cells, and thus weakening the immune response. What is interesting with pyroptosis, is that the death of a cell is necessarily associated with a proinflammatory response. By secreting the pyrogenic factors IL-1b and IL-18 and releasing cytoplasmic content into the extracellular milieu, pyroptotic cells are promoting the host inflammatory response and the recruitment of additional effector cells to the site of infection.
Determining the role of caspase-1-dependent cell death during in vivo infection is difficult, as the activities of caspase-1 in response to microbial pathogens extend beyond pyroptosis. Interpreting data from caspase-1-deficient animals must take these multiple functions into consideration. Indeed, caspase-1 induces IL-1b secretion, the cytokine considered to be the most potent endogenous pyrogen. IL-1b is capable of causing inflammatory cell infiltration and increased production of additional proinflammatory mediators with important physiological consequences such as fever, hypotension, and metabolic derangements. 97 Caspase-1 knockout animals are resistant to endotoxemia and septic shock. 61 Unexpectedly, this resistance is not due to reduced IL-1b or IL-18 production, as IL-1b-deficient mice are fully sensitive to endotoxic shock, 98 as are IL-1b and IL-18 double knockout animals. 99 The elucidation of the caspase-1 digestome identified additional substrates of caspase-1 that are thought to contribute to its effects during the host response to infections and in septic shock. 70 An additional layer of complexity can be attributed to redundancy in pathogeninduced host cell death. Although caspase-1 deficiency renders macrophages resistant to rapid pyroptotic cell death, these cells will nonetheless perish following infection due to the engagement of alternate death pathways.
Caspase-Independent Cell Death: Oncosis and Pyronecrosis
Until recently, cell death had been divided into two types: apoptosis, or programmed cell death, which utilizes the cell's own signaling pathways to induce death, and oncosis/ necrosis, which is highly inflammatory and occurs due to extracellular stresses such as mechanical disruption or abrupt changes in culture conditions or temperature. Necrosis is described by pathologists as a postmortem state of dead cells that have come into equilibrium with their environment but does not explain the cause of death. 100 Oncosis, on the other hand, describes a caspase-independent cell death characterized by swelling, increased permeability and membrane rupture that is often referred to as necrosis (Figure 1 ). This form of cell death was believed to be accidental and uncontrolled. However, recent findings suggest a programmed basis to oncosis/necrosis. 101 Owing to better technologies, imaging techniques and knowledge of signaling pathways, our current understanding of cell death depicts a much more complex situation. Cells possess several mechanisms to execute cell death. Several of these are caspaseindependent, and have been described for infected cells. For instance, although caspase-1-deficient macrophages are initially resistant to death by many bacteria, they eventually succumb in a caspase-independent fashion. Similarly, in the case of M. tuberculosis, infected macrophages undergo apoptosis, but inhibition of caspases does not prevent cell death. A serine protease inhibitor appears to block this caspase-independent death. 102 Moreover, at high multiplicity of infection (MOI), M. tuberculosis induces a caspaseindependent cell death that is not observed at low MOI. 103 In the case of Shigella, the primary death mode is pyroptosis, induced through the Ipaf-caspase-1 inflammasome. 90 However, at higher MOI, Shigella induces a caspase-1-independent form of cell death termed pyronecrosis. 104 Diseaseassociated cryopyrin appears to trigger this death mode as well, which is independent of caspase-1 but presumably requires cathepsin B. 104 The IPAF-caspase-1 inflammasome has been recently shown to be essential for the initiation of a proper innate immune response to Pseudomonas aeruginosa. 51, 91 Virulent P. aeruginosa isolates that evade the immune response express the effector protein exoenzyme U (ExoU). Interestingly, ExoU blocks caspase-1 activity and prevents the production of proinflammatory cytokines. However, despite inhibiting caspase-1, ExoU-expressing P. aeruginosa very efficiently killed macrophages. 51 Therefore, it appears that caspase-independent death occurs as a 'back-up' strategy or when cells are overwhelmed with a high bacterial load. Whether it performs a physiologic function similar to that of apoptosis or pyroptosis remains open for debate.
Autophagy and Autophagic Cell Death
Autophagy is a tightly regulated programmed process, orchestrated by the ATG/Beclin proteins, and characterized by lysosomal enzyme degradation of intracellular components captured within a double membrane vacuole termed the autophagosome 105 ( Figure 1 ). Autophagy is essential for the removal of damaged organelles and long-lived cytosolic macromolecules to maintain energy homeostasis, and hence cell survival, during starvation conditions. When excessive, however, autophagy results in autophagic cell death (ACD). Morphological features of ACD include vacuolization, degradation of cytoplasmic content and lack of chromatin condensation. Cells undergoing ACD may be internalized by neighboring cells. ACD is therefore a noninflammatory form of cell death, as intracellular content is not spilled to the extracellular space.
Autophagy can be triggered in infected host cells, presumably as a host defense mechanism for eliminating the pathogen without disposing of the entire cell. 106 In a situation where normal phagolysosomal maturation is blocked, such as during Mycobacterium tuberculosis infection, the initiation of autophagy can overcome this inhibition and result in bacterial degradation. 107 Listeria monocytogenes, Salmonella enterica, Francisella tularensis and the parasite Toxiplasma gondii, have also been shown to be targeted by autophagy. [107] [108] [109] [110] [111] To demonstrate the importance of autophagy in intracellular pathogen clearance, Nakagawa and colleagues have shown the effective elimination of the pathogenic group A Streptococcus (GAS) within non-phagocytic cells through autophagy.
108 Atg5 À/À cells allowed GAS survival, replication and subsequent release to the surroundings, indicating that autophagy is protective for the host.
Conversely, autophagosome formation may support the replication of poliovirus, rhinovirus and Legionella pneumophila in host cells, as these microorganisms have devised ways to subvert the autophagosome machinery to their own benefits. 112, 113 Autophagy has recently been shown to be involved in antigen processing of endogenously synthesized cytosolic proteins for major histocompatibility complex (MHC) class II presentation, linking innate and adaptive immunity. 114 This process has been suggested to complement MHC class I presentation as proteins unable to be degraded by the proteasome, such as aggregate-prone proteins, may be digested by autophagy and presented on MHC class II. Therefore, triggering of autophagy in infected cells may lead to enhanced stimulation of CD4 þ T cells specific for the pathogen and may be exploited for potential new therapeutics.
Conclusion
The type and outcome of pathogen-induced cell death depend on the nature of the infection itself. A wide variety of microorganisms have evolved mechanisms to modulate host cell death and to use a step in cell death to their advantage. Characterization of pathogen-induced cell death not only gives insight into disease pathogenesis, but also helps in the understanding of the basic mechanisms of the different cell death modalities under normal physiological conditions. Greater knowledge of how cell death modulates the host response to pathogens will provide potential targets for new therapeutics.
